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Abstract  18 

Amphibian declines are of major conservation concern worldwide. The Natterjack toad 19 

(Epidalea calamita) is the rarest amphibian in Ireland, regionally Red-listed as Endangered. 20 

The species is at the north-western edge of its European range in Ireland and is subject to 21 

substantial conservation efforts, including regular monitoring and surveillance, a pond creation 22 

agri-environment scheme, and a head-start and translocation programme to facilitate pond 23 

colonisation. We used large-scale intensive monitoring and surveillance data from 2004 to 2018 24 

to quantify temporal trends in egg string production analysing breeding site preferences and 25 

occurrence of perceived threats and pressures. Despite substantial conservation efforts, egg 26 

string production declined by 23% in Ireland over a 14-year period (-1.6%/year). Twenty-two 27 

of 100 artificial ponds had been colonised by 2018, but artificial sites accounted for <10% of 28 

eggs laid and had prevented further declines by only 4%. Natterjack toad spawning was 29 

associated with ponds with a large surface area, situated in sand dune habitat, with high water 30 

conductivity, and a high percentage cover of aquatic vegetation at the substrate with short 31 

terrestrial vegetation in the surrounding vicinity. Threats and pressures are related to poor water 32 

quality at breeding sites and abandonment of surrounding agricultural land leading to unsuitable 33 

terrestrial vegetation. Given the Natterjack toad’s population trend in Ireland, continued 34 

monitoring and surveillance is vital, while we advocate protection of occupied sand dunes, 35 

active engagement with farmers and landowners to ensure compliance with habitat maintenance 36 

recommendations and improved habitat connectivity to facilitate colonisation of artificial 37 

ponds. 38 

39 
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Introduction  40 

Declines in amphibian populations have been reported worldwide over the past few decades 41 

even in common and widespread species (Young et al., 2001; Stuart et al., 2004; Nyström et 42 

al., 2007; Adams et al., 2013; Grant et al., 2016; Petrovan & Schmidt, 2016). Nowadays, 43 

amphibians are widely recognised as the vertebrate group with the highest proportion of species 44 

threatened with extinction assessed by IUCN (IUCN 2020). While there is little evidence to 45 

support one single global cause, local stressors include habitat destruction and fragmentation 46 

(Cushman, 2006), contamination (Mann et al., 2009; Brühl et al., 2013), spread of pathogens 47 

(Berger et al., 1998; Lips, 1999; Martel et al., 2013), invasive species (Johnson et al., 2011), 48 

illegal harvest and trade (Schlaepfer et al., 2005). Global factors such as climate change may 49 

pose an additional serious threat to amphibian populations worldwide and contribute to the 50 

ongoing amphibian crisis (e.g., Carey & Alexander, 2003; Pounds et al., 2006; Griffiths et al., 51 

2010). Responses to these stressors are context-dependent varying between populations and 52 

species (Blaustein & Kiesecker, 2002), thus continued monitoring of declining populations is 53 

essential to assess extinction risk (O’Grady et al., 2004) and implement effective management 54 

to arrest declines, and where possible, restore populations.  55 

Amphibians may experience high amplitude fluctuations in population size (Alford & 56 

Richards, 1999; Marsh, 2001; Newman & Squire, 2001), hence assessing long-term population 57 

trends can be challenging (Williams et al., 2002; Green, 2003). Anuran species breeding in 58 

highly variable environments like temporal ponds, are particularly difficult to monitor as they 59 

exhibit greater variation in population size than those breeding in permanent water bodies or 60 

terrestrial habitats (Green, 2003; Loman & Andersson, 2007; Raithel et al., 2011). For many 61 

amphibian species surveys usually are conducted during the breeding season using counts of 62 

egg strings or spawn clumps (for females) or call vocalisations (for males). Egg-mass counts 63 

is a common method for monitoring pond-breeding amphibians in Europe (e.g., Grant et al., 64 
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2005; Paton & Harris, 2009; Meek, 2018). While the relationship between egg-mass counts 65 

and number of adult females and population size may vary over years (Richter et al., 2003; 66 

Greenberg & Tanner, 2005), egg-mass count has been shown to be an easy solution for long-67 

term monitoring of the annual reproductive effort and population health for some amphibians 68 

including the Natterjack toad (e.g., Loman & Andersson, 2007; Raithel et al., 2011).  69 

The Natterjack toad (Epidalea calamita) is widely distributed throughout Europe, ranging 70 

from the Iberian Peninsula in the west and as far east as the Baltic coast with several isolated 71 

populations in Ireland and Great Britain (Gasc et al., 1997). Despite its widespread distribution, 72 

the Natterjack toad population is generally declining with its range having contracted by >50% 73 

during the latter half of the 20th century (Beja et al., 2016). Population declines of common and 74 

widespread amphibian species are of particular concern as often those species are overlooked 75 

when setting conservation strategies (Sterrett et.al 2019). Recent surveys indicate that the 76 

species’ range may have contracted even further, with very poor and irregular breeding activity 77 

recorded in the most westerly parts of its current range (Bécart et al., 2007). The species is 78 

listed on Annex IV of the EU Habitats and Species Directive with EU member states required 79 

to report regularly to the European Commission on the species’ conservation status under 80 

Article 17 [92/43/EEC]. The last two Article 17 reports assessed the species’ conservation 81 

status throughout Europe as ‘unfavourable’ except for in the Mediterranean region (European 82 

Topic Centre, 2012). In Ireland, the Natterjack toad is regionally Red-listed as Endangered 83 

(King et al., 2011) and is subject to considerable conservation efforts over the past decade 84 

aiming to increase its distribution range and population size. Long-term monitoring data and 85 

intensive management of the species provide an excellent opportunity to evaluate the impact 86 

of conservation efforts on a declining amphibian species.  87 

Ireland has lost more than half of its farmland ponds since that late 19th century (Reid et 88 

al., 2014) with pond loss being identified as the single most important driver of Natterjack toad 89 
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population declines (Beebee, 2002; Rannap et al., 2007). One hundred new ponds were created 90 

on wet agricultural grasslands as part of the National Parks and Wildlife Service (NPWS) Pond 91 

Creation Scheme initiated in 2008. Under this scheme farmers are paid to dig ponds and 92 

maintain the surrounding land for toads. The programme’s goal was to increase the number of 93 

suitable breeding sites within the species core range and to restore the toad’s historical range. 94 

Breeding activity was recorded in 16% of constructed ponds during 2011-12 (Sweeney et al., 95 

2013). In 2016, a head-start and translocation program was launched by NPWS in conjunction 96 

with Fota Wildlife Park, Co. Cork and Dingle Oceanworld, Co. Kerry. Egg strings and tadpoles 97 

were collected from the wild, grown through to metamorphosis in captivity and then returned 98 

to the wild in late summer supplementing existing populations and as part of an assisted 99 

colonisation effort to sites in the Pond Creation Scheme. Currently, there is no data available 100 

by which to assess the success of the program, as breeding will occur 4 to 5 years post release 101 

when toads have reached sexual maturity and return to the ponds for breeding (Beebee 1979). 102 

Other methods like eDNA (Reyne et al. 2021) could be used to monitor artificial pond 103 

colonisation rate by detecting species presence before field signs of colonisation (breeding) are 104 

observed.  105 

In this study, we assessed the population breeding performance and temporal trend of the 106 

most range restricted and rarest amphibian species in Ireland, the Natterjack toad. We used data 107 

from 14 years of intensive monitoring and surveillance to quantify temporal trends of the 108 

Natterjack toad’s egg string production and recruitment in Ireland. We also evaluated the 109 

success of the habitat restoration measurements on the toad’s productivity, analysed breeding 110 

site preferences and identified perceived threats and pressures. We discuss the importance of 111 

our results in the context of the global amphibian crisis and make recommendations for species 112 

conservation strategies.  113 
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Materials and Methods 114 

Study area  115 

The Natterjack toad is highly range restricted in Ireland, found naturally only in County Kerry, 116 

Ireland (Figure 1). All areas where Natterjack toads were recorded in the past (68 traditional 117 

breeding sites) were monitored. Additionally, all 100 newly constructed ponds in the NPWS 118 

Natterjack toad Pond Creation Scheme were regularly (see below) surveyed in order to provide 119 

assessment of the success of the habitat restoration program. Natterjack toad breeding ponds 120 

were shallow (<1m) but varied in origin, hydroperiod and size. Natural ponds that were 121 

traditional breeding sites included large ephemeral pools that formed in sand dune slacks 122 

(Magharees, Inch and Caherdaniel), permanent ponds on links golf courses (Dooks Golf 123 

Course and Castlegregory Golf Course),shallow bay areas along lake shores covered in scrub 124 

(Lough Gill, Lough Yganavan and Lough Nambrackdarrig) and temporary ponds on wet 125 

grassland (Glenbeigh). All artificial ponds in the NPWS Pond Creation Scheme were created 126 

on agricultural grassland within farm fields. Often grazing livestock were present to maintain 127 

a short sward in compliance with the habitat management recommendations of the Scheme. 128 

 129 

Population monitoring  130 

We used two measurements to monitor Natterjack toad reproduction. Egg string count was 131 

used as a proxy of the female breeding population size and toadlet abundance as an indicator 132 

of breeding success. Even though egg string counts cannot be used to directly calculate 133 

population size (Schmidt 2004, 2005), they were used to monitor relative change in the number 134 

of females spawning over time assuming constant detection probability.  135 

We monitored 68 natural (fixed dune n = 31, amenity grassland n = 13, scrub n = 17, wet 136 

grassland n = 7) and 100 artificially created ponds (improved agricultural land). Ponds were 137 
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visited every seven to ten days through the duration of the breeding season (April – July) in 138 

2016-18. This visit interval was chosen to ensure that egg strings could not be deposited and 139 

hatch between visits resulting in missed egg strings. We recorded the total number of egg 140 

strings in each pond by walking the perimeter searching shallow water and aquatic vegetation. 141 

For large ponds, where it was not possible to count the number of egg strings from the water 142 

edges, waded sig-zag transects were carried out covering the whole  pond surface. For each 143 

pond, we mapped egg string locations and stages of development based on Gosner stages 144 

(Gosner, 1960) in order to avoid double counting during consecutive visits. The earliest stage 145 

(Gosner stages 2-6) consisted of two lines of recently laid eggs; the second stage (Gosner stages 146 

7-14) had a single line of eggs; and the third stage (Gosner stage 16) consisted of well-147 

developed embryos with defined tails. Though there are rare instances of double or multiple 148 

clutching (Beebee & Denton, 1996), females typically deposit only one egg string (Buckley & 149 

Beebee, 2004), thus, egg string counts were taken as a proxy of the number of breeding females. 150 

Only sites where egg strings occurred were surveyed for toadlets. Quadrats (0.25m2) were 151 

placed regularly every 10m along the water’s edge up to a distance of 5m from the shore. 152 

Toadlet numbers in each quadrat were recorded. Toadlet abundance was calculated by 153 

multiplying mean toadlet density by the area surveyed i.e., density in toadlets/m2 multiplied by 154 

the area surveyed around each pond based on pond circumference. The exact toadlet counts 155 

were used to estimate toadlet abundance for each breeding site and survey year. We 156 

investigated the relationship between toadlet abundance and number of egg strings using a 157 

Spearman Rank correlation.   158 

 159 

Temporal trends 160 

Linear trends in egg string counts were fitted to values of the current surveys 2016-18 and those 161 

from previous surveys i.e., 2004-06 (Becart et al., 2006) and 2011-12 (Sweeney et al., 2013). 162 
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Average percentage change over time in egg string counts were calculated as a difference 163 

between the start and end of the fitted trend line (i.e., difference between the predicted number 164 

of egg strings in 2004 and 2018)  and not the difference between the first and last values of egg 165 

string counts (to avoid comparing potential extremes). A temporal trend was described for each 166 

of twelve breeding sites and overall, for Ireland. We also calculated a temporal trend for Ireland 167 

excluding egg strings recorded at artificially created ponds, in order to evaluate the impact of 168 

the NPWS Pond Creation Scheme on species productivity.  169 

 170 

Breeding site preferences 171 

We selected 17 variables that best characterised Natterjack toad habitat to investigate the 172 

effects of aquatic and terrestrial parameters on breeding activity (Table 1). Differences in the 173 

environmental parameters were tested between natural breeding sites and artificial ponds and 174 

also between ponds with Natterjack toad presence and absence using Mann Whitney-U tests. 175 

Presence was defined as ponds where breeding activity was observed at least once during the 176 

2016-18 surveys, while absence was defined as ponds where Natterjack toad breeding activity 177 

was not detected during the same surveys. Each environmental variable was fitted as an 178 

independent explanatory variable in a Generalized Linear Mixed Model (GLMM) where pond 179 

ID was the random factor and  the numbers of egg strings was the dependant variable with 180 

multimodel selection used to choose the single best model from all subset regressions using the 181 

Akaike Information Criterion corrected for sample size (AICc), number of parameters and AIC 182 

weights (Burnham & Anderson 2002). GLMMs were run using IBM SPSS Statistics v24 183 

(dependant variable had negative binomial distribution). All predictor variables were tested for 184 

multicollinearity with one of a pair of highly correlated variables (correlation coefficient >0.7) 185 

excluded from analysis (the one with the lowest correlation coefficient with egg string 186 

numbers). Variables were standardized to have x̄ =0 and σ =1 prior to the analysis.  187 
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 188 

Threats and pressures  189 

Threats and pressures perceived as present at each breeding site were categorised according to 190 

criteria listed in the official European Union guidelines for the Natura 2000 Standard Data 191 

Form and recorded under EU Habitat Directive codes (Table 2) (European Topic Centre, 2018). 192 

The count of each threat and pressure was also expressed as a percentage of all surveyed ponds 193 

and those with Natterjack toads present. 194 



10 

 

Results  195 

A total of  4,704 pond visits were conducted between 2016 and 2018. There was substantial 196 

variation in the number of egg strings between years with 3,216 egg strings laid in 2016, 1,457 197 

egg strings in 2017 and 2,685 egg strings in 2018. Natural breeding sites accounted for the 198 

vast majority (>90%) of egg string production with the single most productive area being the 199 

Magharees sand dune system (Table S1). The Natterjack toad spawned in 22 artificial ponds 200 

over the three breeding seasons (not all occupied every year; Figure 1) with breeding in 16 201 

ponds during 2016, 10 during 2017 and 13 during 2018.  202 

The highest number of toadlets was recorded in 2018 (Table S1). Toadlet abundance was 203 

highly correlated with egg string production (rs=0.694, p<0.001, n=33; Figure S1A) largely 204 

driven by the large numbers of egg strings and toadlets at the Magharees. This positive 205 

correlation remained statistically significant even after excluding the Magharees from the 206 

analysis although the relationship was marginally less strong (rs=0.619, p<0.001, n=30; 207 

Figure S1B). 208 

Number of egg strings declined at almost all breeding sites from 2004 to 2018 though 209 

was highly variable (Table 3, Figure S2). The greatest declines over time (>90%) were 210 

observed at Roscullen Island and Dooks Golf Courses, with the species is now believed to be 211 

locally extirpated at Fermoyle The only two breeding sites with an increase in egg string 212 

counts were the Magharees and Inch. However, the first systematic survey of Inch peninsula 213 

was only conducted in 2016 and since then new breeding ponds were discovered. Overall, 214 

Natterjack toad egg string production declined by 23% (ranging from -100% to +900%) over 215 

a period of 14 years which is equivalent to -1.6% per year. The egg string productivity would 216 

have declined by 27% over the period of 14 years equivalent to -1.9% per year without the 217 

NPWS Natterjack toad Pond Creation Scheme (Table 3). At Roscullen Island and Killen 218 

breeding activity was recorded only at artificial ponds. 219 
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Natural and artificial ponds significantly differed in all environmental parameters apart 220 

from predator abundance, coverage of surface aquatic plants and filamentous algae, and sward 221 

height above 20cm (Table S2). Natterjack toad breeding was significantly associated with 222 

ponds with a large surface area, neutral pH, high conductivity, high oxygenation, low plant 223 

litter, a high coverage of aquatic plants at the substratum and short grassland swards 224 

surrounding the pond edges (Table 4). Pond type was strongly associated with habitat type 225 

(rp=0.822, p<0.001) and land management activity (rp=0.689, p<0.001) i.e., artificial ponds 226 

were mostly constructed on marginal grasslands used for agriculture, while conductivity and 227 

salinity were highly correlated (rp=0.721, p<0.001). We, therefore, excluded pond type, land 228 

management activity and salinity from further analysis. When environmental variables were 229 

fitted simultaneously in a single GLMM, those variables in the single best model (Table S3 230 

and Table S4), suggested number of egg strings varied significantly among habitat types 231 

(Table 5) with sand dune ponds being most productive (Figure 2). Breeding was more likely 232 

in ponds with a large surface area, high conductivity with a high coverage of aquatic plants at 233 

the substratum, suggesting these are the key combination of conditions most strongly 234 

determining productivity. Egg string production had a positive trend with the coverage of 235 

aquatic plants at the surface and a negative trend with aquatic predator abundance (numbers 236 

of predatory aquatic macroinvertebrates); and whilst both variables were included in the 237 

single best model neither was statistically significant at the conventional 95% level yet their 238 

inclusion suggests they may contribute to some variation in breeding activity.  239 

The main threats and pressures that the Natterjack toad is perceived to face at breeding sites 240 

was poor water quality i.e., toxic, or deoxygenating algal blooms, abandonment of agricultural 241 

land and lack of grazing (Figure 3). Invasive species including New Zealand pygmyweed 242 

(Crassula helmsii) and sea buckthorn (Hippophae rhamnoides) were present at five breeding 243 

sites. High salinity (>4 ppt) as a result of sea water incursion during the breeding season was 244 
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recorded at four breeding sites making them not suitable for breeding and resulting in dead 245 

egg strings. Water drainage was only observed directly once in 2016 at the Magharees that led 246 

to a total loss of 485 egg strings. However, it is possible that some of the ponds that dried up 247 

might have been impacted by ground water abstraction for agricultural or recreational 248 

purposes. The frequency of threats did not differ between all ponds and the subset of ponds 249 

used by the Natterjack toad for breeding (p>0.05; Figure 3). 250 
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Discussion  251 

Egg string production  declined by 23% over 14 years (2004 to 2018) throughout Natterjack 252 

toad’s  highly restricted range in Ireland. Toadlet production (and by inference likely 253 

recruitment) was highly correlated with fecundity. The species may be locally extirpated from 254 

at least one site where it bred previously. Despite 22% of artificially created ponds being 255 

occupied, they accounted for ≤10% of all eggs laid and had reduced declines by only 4%. It 256 

seems likely this may be related to artificial ponds providing a less favoured environment  257 

which was shown to be significantly different from the conditions of natural ponds. Natterjack 258 

toads were perceived to be at greatest threat from poor water quality and lack of suitable 259 

terrestrial habitat maintenance around breeding sites. Without addressing the prevalence and 260 

impact of threats and pressures, and ensuring any ponds created in future more closely 261 

approximate the conditions of natural ponds, further declines in the reproductive success and 262 

population seem likely. 263 

Long-term monitoring and surveillance are necessary to detect changes in population 264 

trends, especially for pond breeding amphibians where interannual high fluctuations in 265 

breeding activity can be pronounced (Buckley & Beebee, 2004). Short-term variations in egg 266 

string counts for example as a result of   different climatic conditions (Smith & Skelcher, 2019), 267 

historical hydroperiod, variation in predation pressure  or generational lag effect (Di Minin & 268 

Griffiths 2011) can be hard to distinguish from the genuine underlying temporal trends if long-269 

term data are not available, leading to erroneous interpretation of change. During the current 270 

study, egg string production varied markedly between survey years. Egg string numbers 271 

declined by 55% from 2016 to 2017 before increasing by 85% during 2018. Interannual 272 

variability reflects variability in female breeding effort as much as true change in egg string 273 

production which broadly appears to be in decline both long-term (2004-2018) and short-term 274 

(2016-18). At some breeding sites (i.e., Roscullen Island and Dooks Golf Course) egg string 275 
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production declined by >90% with no evidence of breeding at one small site (i.e.,  Fermoyle) 276 

since 2004. However, declines were not observed at all breeding sites. Number of egg strings  277 

at the Magharees sand dune system (the largest breeding site in Ireland) increased by 114% but 278 

this was insufficient to offset the overall decline. Creation of artificial breeding pools in sand 279 

dunes can provide additional suitable breeding ponds for the Natterjack toad and aid successful 280 

metamorphosis (Baker et al., 2011; Buckley et al., 2014; Smith & Skelcher, 2019), thus 281 

ensuring toadlet recruitment even in dry years when ponds are particularly ephemeral.  282 

Egg string production may not directly reflect population recruitment, hence toadlet 283 

abundance was also examined as an additional indicator of Natterjack toad productivity. 284 

Toadlet abundance was highly correlated (r2=0.90) with egg string counts and thus was largely 285 

redundant as a measure of reproduction given it exhibited much the same variation as egg string 286 

counts whilst requiring substantial additional survey effort. Long-term studies on the 287 

Natterjack toad in Great Britain found similar positive relationship between egg string counts 288 

and toadlet production (Beebee & Buckley, 2014; Smith & Skelcher, 2019) suggesting that 289 

simply monitoring egg string numbers only as indicator of reproductive effort is the most 290 

effective use of time and resources. 291 

Presence of Natterjack toad breeding activity was mostly associated with natural ponds 292 

(traditional breeding sites)). Over 78% of breeding activity was recorded on sand dune systems 293 

with Natterjack toads generally being associated with coastal habitats elsewhere within their 294 

range utilising sandy soil for burrowing (Beebee, 2002). Natterjack toad presence was 295 

associated with ponds of neutral (rather than acidic) pH; high oxygenation facilitating 296 

respiration and rapid development of eggs and tadpoles; high conductivity indicative of high 297 

primary production and high aquatic plant and litter coverage of the substrate providing 298 

underwater refuges and a food source for tadpoles (Kopp et al., 2006). Natterjack toads were 299 
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also associated with short terrestrial vegetation in the immediate vicinity of the pond (within 300 

100m) raising the issue of appropriate management which should include regular grazing to 301 

ensure swards are well maintained. Protection of sand dune systems is essential for the survival 302 

of the Natterjack toad in Ireland. Targeted moderate grazing by cattle can be beneficial for 303 

grassland management on sand dunes, however, intensive grazing can be damaging by 304 

negatively impacting the hydroperiod of ponds formed in sand dune slacks and the quality 305 

(nutrient enrichment) of water; consequently, negatively impacting tadpole survival (Bridson, 306 

1978). Maximising the benefits of conservation grazing requires site-specific management 307 

measures and these are best arranged by landowner and farmer agreement after stakeholder 308 

engagement. 309 

The NPWS Pond Creation Scheme has created over 100 new ponds in agricultural 310 

grasslands within the range of the Natterjack toad in Ireland. Of these only 22 have been 311 

successfully colonised to date. At Roscullen Island and Killeen breeding was exclusively in 312 

artificially created ponds, suggesting that the species might have been locally extinct at those 313 

two sites if no conservation measures were implemented. Amphibians often have a patchy 314 

distribution at a landscape level (Marsh & Trenham, 2001) and persistence in the landscape 315 

depends on dispersal and colonisation of suitable habitats (Semlitsch, 2002). Dispersing 316 

Natterjack toadlets choose environments with less resistance and show a preference for open 317 

areas (e.g., bare sand) actively avoiding agricultural environments (grassy fields) where 318 

locomotion is impeded by vegetation density (Stevens et al., 2006). Thus, a relatively small 319 

proportion of newly created ponds in farmland have been colonised successfully, suggesting 320 

not only that a small proportion of the artificial ponds have suitable breeding attributes, but 321 

most of the ponds might be located too far away from the source population. Indeed, those 322 

ponds that have been successfully colonised are in close proximity to the likely source 323 
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population. For instance, the most productive artificially created ponds at Roscullen Island 324 

were in close proximity to two natural breeding ponds that previously existed in the area. Pond 325 

Creation Schemes aiming to conserve amphibians should take into account presence of vital 326 

source populations and suitable pathways for dispersal when creating new habitat or consider 327 

assisted migrations in order  to overcome problems impeding dispersal and colonisation.  328 

While natural ponds were in reasonable condition (at 73% of natural ponds no threats or 329 

pressures were detected), most of the artificial ponds were in a poor state. In species with highly 330 

restricted ranges like the Natterjack toad the only opportunity for habitat creation is often in 331 

suboptimal habitat around the fringes of the current range, as the latter is already saturated. 332 

Ongoing research and monitoring to evaluate the ecological success of created and restored 333 

habitat is essential to detect emerging threats and develop responsive management approaches. 334 

The Natterjack toad inhabits a wide range of conditions across Europe (Reyne et.al., 2021) and 335 

is known to inhabit and forage on intensively managed farmland (Miaud & Sanuy, 2005), but 336 

in this case agricultural grasslands proved to be ill-suited for the Irish population. Active 337 

management of the artificial ponds is essential to mitigate some of the existing threats, improve 338 

the quality of the available restored habitat and help offset future reductions in egg string 339 

production and recruitment (Di Minin & Griffiths 2011). Land abandonment and poor sward 340 

management are known threats (Rannap et al., 2007) as is water pollution. These issues need 341 

to be addressed through active engagement with farmers and landowners to ensure compliance 342 

with habitat maintenance recommendations and to reduce agricultural runoff causing 343 

waterbody eutrophication.   344 

Natterjack toad monitoring and conservation in Ireland is a good example of long-term 345 

collaboration between researchers, private organisations, conservation practitioners and 346 

landowners. Unfortunately, despite substantial conservation efforts the species is still in decline 347 
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highlighting the complexity of amphibian conservation. Major challenges still remain 348 

regarding development of reliable monitoring methods, assessing amphibian trends with a high 349 

degree of confidence at a wider scale and identification of the main drivers of population 350 

declines. Pond construction can be an important conservation tool to halt the decline of 351 

threatened amphibians (e.g., Magnus & Rannap, 2019), but in the case of the Natterjack toad 352 

pond restoration practises failed to provide suitable breeding habitats as a result of poor 353 

planning, suboptimal habitat, lack of regional scale connectivity and low compliance with 354 

management recommendations especially on private land. A combination of  continued 355 

monitoring of the breeding success, management of breeding sites especially regarding 356 

maintenance of short swards and good water quality, protection of sand dunes, improved 357 

habitat connectivity (including assisted migration) to facilitate colonisation of artificial ponds, 358 

active stakeholder engagement with local farmers and landowners and further research on 359 

survival and recruitment of toadlets raised in captivity are needed to prevent continued decline 360 

and to safeguard the species at the north-western edge of its European range.  361 
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Figure 1 Maps  of the study area showing locations of the surveyed ponds. 
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Table 1 Description of 17 environmental parameters collected as explanatory variables in the study.  

# Environmental parameter Description  

1 Pond type Natural (0) and artificial (1).  

2 Habitat Surrounding terrestrial habitat type (within 100m radius of the pond) 

defined by Fossitt (2000); 1) agricultural grassland (GA1), 2) wet 

grassland (GS4), 3) fixed dunes (CD2) and 4) amenity grassland i.e. 

links golf courses converted from fixed sand dunes (GA2), 5) Scrub 

(WS1). 

3 Activity Three site management practises were recognized at the study area: 

farming, golf course management and discontinued use (abandonment). 

4 pH pH ± 0.05 measured with a Hanna Combo tester HI98129. For statistical 

analysis, pH was converted into hydrogen ion concentration pH = − log 

[H+]   

5 Conductivity  Conductivity (µS/cm) ± 2% measured with a Hanna Combo tester 

HI98129 ranging from 0 to 3,999 µS/cm.  

6 Salinity Salinity was measured with Extech RF20 portable refractometer in parts 

per thousands. 

7 Dissolved Oxygen (DO) Dissolved oxygen (mg/L) measured using a YSI 550A meter ranging 

from 0 to 50 mg/L.  

8 Temperature Water temperature (C°) ± 2% measured with a Hanna Combo tester 

HI98129 

8 % aquatic plants surface Percentage of pond surface covered by floating aquatic plants.  

9 % aquatic plants substrate Percentage of pond substrate covered by aquatic plants.  

10 % plant litter Percentage of pond substrate obscured by plant litter such as dead 

leaves.  

11 % filamentous algae substrate                    Percentage of pond substrate covered by filamentous algae.  

12 % emergent vegetation                  Percentage of pond surface with emergent vegetation i.e. plants rooted 

in the substrate but projecting above the surface e.g. reeds.  

13 % bare substrate  Percentage of pond substrate that was unvegetated e.g. bare sand.  

14 Pond age Artificial ponds varied in age from 9 years old (created in 2009) to 3 

years old (created in 2015). 

15 Surface area (m2) Pond length (a) and width (b) were measured by an Insight 1000 LH 

Laser Rangefinder. The two dimensions were used to estimate the 

surface area (A) by using the formula for an ellipse. 

16 Area dried up (%) The surface area that dried was estimated as the difference between the 

largest and smallest surface area that were recorded for each pond as 

measured every 2 weeks throughout the field survey in 2016. Results 

were converted into percentage of the largest measurement.  

17 Predator abundance  Predator pressure was estimated as a total number of predatory 

macroinvertebrates (water beetles and their larvae, dragonfly and 

damselfly larvae, water bugs and leeches) in sweep and bottle trap 

samples per pond. For details see Reyne et al. (2020). 
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Table 2 List of pressures and threats to the Natterjack toad in Ireland according to the Article 

17 report format of the Habitat Directive for the period 2013-2018.  

 

Code Description  

  

A06 Abandonment of grassland management (e.g. cessation of grazing or of mowing). Sites 

with 80% of the surrounding sward higher >20cm. 

I02 Other invasive alien species. Presence of New Zealand pygmyweed (Crassula helmsii) 

and sea buckthorn (Hippophae rhamnoides). 

J01 Mixed source pollution to surface and ground waters (eutrophication). Presence of algal 

blooms, high conductivity as a result of decomposition of organic material, decreased 

water transparency.  

K02 Drainage 

L01 Abiotic natural processes (salinization). Ponds with water salinity above 4ppt.  

L02 Natural succession resulting in species composition change (other than by direct changes 

of agricultural or forestry practices). Ponds with 80% of the surface covered with 

emergent vegetation. 

L06 Interspecific faunal and floral relations (competition and predation). Predation was 

measured as the abundance of predatory invertebrates (for detailed methodology see 

Reyne et al. 2020). Competition was recorded as presence of Common frogs (Rana 

temporaria) and/or Smooth newts (Lissotriton vulgaris). 
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Table 3 Natterjack Toad egg string count for each breeding site and overall, in Ireland (Co Kerry).  The slope of linear trends (see Figure S1) are 

presented as the average change from the start and end of the line of best fit (not the beginning and end value for numbers of observed egg strings) 

and have been standardised to have a mean of zero and a standard deviation of 1 allowing direct comparisons of coefficients. Similarly, average 

percentage change values (%) represent the difference in the fitted line not the raw data. 

 

 

 

 

Breeding site 2004 2005 2006 2011 2012 2016 2017 2018 β ± SE % change 

           

Magharees 228 983 1,183 381 224 2,261 386 1,519 0.063 ± 0.068 +114 

Castlegregory Golf Course  573 868 992 472 421 354 495 405 -0.132 ± 0.049 -54 

Fermoyle 3 0 0 0 0 0 0 0 -0.091 ± 0.062 -100 

Tullaree 12 35 51 23 1 1 3 16 -0.109 ± 0.057 -87 

Inch - - - - - 17 18 392 0.867 ± 0.498 900 

Killeen - - - 7 23 12 6 8 -0.142 ± 0.166 -63 

Rosscullen island 91 532 873 17 220 79 50 64 -0.105 ± 0.059 -96 

Dooks Golf Course 45 568 209 10 2 50 54 22 -0.098 ± 0.061 -96 

Yganavan  219 269 419 66 101 155 146 23 -0.125 ± 0.052 -77 

Nambrackdarrig 8 12 16 0 0 1 9 1 -0.108 ± 0.058 -87 

Glenbeigh 52 67 55 11 23 44 59 11 -0.083 ± 0.064 -48 

Caherdaniel 98 333 313 102 92 242 231 224 -0.001 ± 0.073 -6 

           

Total Ireland (excluding 

Pond Creation Scheme) 
1,329 3,667 4,111 1,059 923 3,095 1,363 2,608 -0.033 ± 0.070 -27 

           

Total Ireland  1,329 3,667 4,111 1,089 1,107 3,216 1,457 2,685 -0.035 ± 0.071 -23 
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 Table 4 Medians and interquartile ranges  values of environmental parameters associated 

with ponds with and without Natterjack toads and the statistical results for a test of difference. 

Significant values are in bold and marked with an asterisk. 

Environmental parameter 
  Natterjack toad   Mann Whitney 

  Absence Presence   U Z p 

        

Size        

Surface area (m2)  73.0 ± 44.5 219.0 ± 572.5  9802.5 -9.052 <0.001* 

Area that dried (%)  56.5 ± 50.5 62.1 ± 59  21225 -1.418 0.156 
        

Water         

Temperature  15.9 ± 2.69 15.3 ± 2.2  23817 -0.132 0.895 

pH   6.6 ± 0.9 7.3 ± 1.1  11379 -9.383 <0.001* 

Conductivity (µS/cm)   184.6 ± 215.7 488.5 ± 237.4  15253.5 -6.501 <0.001* 

Salinity (ppt)  1.2 ±1.5 1.6 ±1.9  22513.5 -1.102 0.27 

Oxygen  
   

   
 mg/l  6.4 ± 2.7 7.4 ± 3.3  16720.5 -5.41 <0.001* 

% saturation   63.7 ± 27.5 74.5 ± 34.9  16268.5 -5.746 <0.001* 

        

Predator abundance 
 

55.5 ± 56.3 51.0 ± 61.5  8873 -1.057 0.291 
        

Vegetation (%)        

Emerged vegetation  10 ± 25 20 ± 38.8  22489.5 -1.134 0.257 

Bare substrate  20 ± 70 10 ± 47.5  21624 -1.685 0.092 

Aquatic plants Surface 
 5.0 ± 20 0.0 ± 20.0  23510.5 -0.386 0.699 

Plant litter  40.0 ± 70.0 20.0 ± 40.0  17936.5 -4.489 <0.001* 

Aquatic plants substrate 
 10.0 ± 30.0 40.0 ± 70.0  15654.5 -6.317 <0.001* 

Filamentous algae substrate   
 0.0 ± 10.0 0.0 ± 80.0  23058 -0.845 0.398 

        

Sward height (%)        

<5cm  10.0 ±30.0 20.0 ± 50.0  17331.5 -5.058 <0.001* 

5-20cm  20.0 ± 30.0 10.0 ± 30.0   19983.5 -3.028 0.002* 

>20cm   50.0 ± 60.0 40.0 ± 50.0   21336 -1.988 0.047* 
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Table 5 GLMMs results for associations between environmental parameters and number of 

egg strings. Significant values are marked with an asterisk. 

 

 

 

 

 

 

 

 

 

Environmental 

parameters 
F β ± SE n.df. d.df. p 

      

Model 19.983 2.411±0.449 9 441 <0.001* 

  Habitat type 26.145 Multifactorial 4 441 <0.001* 

  Conductivity 8.152 0.743±0.260 1 441 0.005* 

  Aquatic plants surface 0.101 0.044±0.140 1 441   0.751    

  Aquatic plants substrate  12.988 0.545±0.151 1 441 <0.001* 

  Surface area 0.572 0.610±0.359 1 441  0.090 

  Predator abundance  2.886 -0.151±0.199 1 441  0.450 
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Figure 2 Number of egg strings recorded at each habitat type during 2016-18 Natterjack toad 

surveys. 
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Figure 3 Threats and pressures to the Natterjack toad in Ireland according to the Article 17 

report format of the Habitats Directive. For detailed description of threats and pressures see 

Table 2.  
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Table S1 The total number of egg strings and toadlet abundance (i.e. density in toadlets/m2 multiplied 

by the area surveyed around each pond based on pond circumference) recorded at all breeding sites 

during the breeding seasons in 2016, 2017 and 2018. 

Breeding site 
Egg strings  Toadlet abundance 

2016 2017 2018  2016 2017 2018 

        

Magharees 2,261 386 1,519  479,372 5,280 487,684 

Castlegregory Golf Course 354 495 405  24,960 86,880 53,777 

Tullaree 1 3 16  0 0 20,924 

Inch 17 18 392  3,440 0 0 

Killeen 12 6 8  0 0 0 

Rosscullen island  79 50 64  720 1,120 2,732 

Dooks Golf Course  50 54 22  0 160 0 

Lough Yganavan  155 146 23  16,080 13,280 178 

Nambrackdarrig 1 9 1  320 0 7 

Glenbeigh 44 59 11  160 1,440 64 

Caherdaniel 242 231 224  160 14,080 19,841 

Total Ireland (Co. Kerry) 3,216 1,457 2,685  525,212 122,240 585,206 



 

Figure S1 Relationship between egg string count per breeding site and toadlet abundance for 

(A) all Natterjack toad populations and (B) excluding the Magharees.



Figure S2 Number of egg strings recorded at each breeding site along with the linear trend and 

percentage change.



Table S2 Medians and interquartile ranges  values of environmental parameters associated with 

artificial and natural ponds and the statistical results for a test of difference. Significant values 

are in bold and marked with an asterisk. 

 

Environmental parameter 
 Artificial 

ponds 
Natural ponds  Mann Whitney 

    U Z p 

        

Size        

Surface area (m2)  70.0 ± 39.5 403.0 ± 2118.3  6680.0 -11.033 <0.001* 

Area that dried (%)  63.0 ± 58.91 100.0 ± 57.65  18744.0 -2.829 0.005* 

        

Water         

Temperature  16.1 ± 2.3  15.8 ± 2.5  20479.5 -2.115 0.034* 

pH   6.7 ± 0.93  7.55 ± 1.68   13277.5 -7.553 <0.001* 

Conductivity (µS/cm)   216.9 ± 327.8 447.8 ± 417.0  18206.0 -3.832 <0.001* 

Salinity (ppt)  1.3 ± 1.6 1.6 ± 2.2  21191.0 -1.579 0.114 

Oxygen    
 

  
 

 mg/l  6.5 ± 3.3 8.7 ± 3.8  16581.5 -5.058 <0.001* 

% saturation   65.5 ± 33.0 85.0 ± 43.0  16694.0 -4.973 <0.001* 

        

Predator abundance 
 

55.0 ± 48.0 48.0 ± 69.5  7542.0 -1.771 0.076 

        

Vegetation (%)   
 

    

Emerged vegetation  10.0 ± 20.0 20.0± 50.0  20200.5 -2.357 0.018* 

Bare substrate  20.0 ± 70.0 0.0 ± 20.0  19660.0 -2.747 0.006* 

Aquatic plants Surface 
 5.0 ± 20.0 18.3 ± 24.6  23090.5 -0.154 0.878 

Plant litter  40.0 ± 60.0 20.0± 50.0  31225.0 -3.705 <0.001* 

Aquatic plants substrate 
 10.0 ± 30.0 40.0 ± 70.0  58139.5 -5.865 <0.001* 

Filamentous algae substrate   
 0.0 ± 10.0 0.0 ± 10.0  35961.0 -0.182 0.855 

        

Sward height (%)   
 

    

<5cm  10.0 ± 30.0 20.0 ± 60.0  62542.0 -2.485 0.013* 

5-20cm  20.0 ± 30.0 10.0 ± 30.0  29764.0 -4.903 <0.001* 

>20cm  50.0 ± 50.0 55.0 ± 60.0  64833.5 -0.708 0.497 



Table S3 Models within >2 ΔAICC units and the used selection criteria. Models are ranked in 

ascending order of AICc values. K is the number of fitted parameters. The selected model is 

in bold.  

#    Model K  AICC ΔAICC Weight 

 
Environmental parameters 

    

1 Habitat + Conductivity + Surface area + Aquatic 

plantsurface + Aquatic plantsubstrate + Predator 

abundance 

8 3543.817 0.000 1.000 

2 Habitat + Conductivity + Surface area + Aquatic 

plantsurface +  Aquatic plantsubstrate + Predator 

abundance + Sward 5-20cm 

9 3544.236 0.419 0.811 

3 Habitat + Conductivity + Surface area + Aquatic 

plantsurface + Aquatic plantsubstrate + Predator 

abundance +  Bare substrate 

9 3544.259 0.442 0.802 

4 Habitat + Conductivity + Surface area + Aquatic 

plantsurface + Predator abundance 

7 3544.327 0.510 0.775 

5 Habitat + Conductivity + Surface Area +  Aquatic 

plantsurface +  Aquatic plantsubstrate + Predator 

abundance + Oxygen   

9 3544.33 0.513 0.774 

6 Habitat + Conductivity + Surface area +  Aquatic 

plantsurface +  Aquatic plantsubstrate + Predator 

abundance + Bare substrate + Oxygen 

9 3544.719 0.902 0.637 

7 Habitat + Conductivity + Surface area  + Aquatic 

plantsurface +  Aquatic plantsubstrate + Predator 

abundance + Sward 5-20cm + Bare substrate 

10 3544.727 0.910 0.634 

8 Habitat + Conductivity + Surface area + Aquatic 

plantsurface + Predator abundance + Sward 5-20cm 

8 3544.787 0.970 0.616 



Table S4 GLMMs results for associations between environmental parameters and number of 

egg strings for the best models within >2 ΔAICC units. Significant values are marked with an 

asterisk. 

Model  
F β ± SE n.df. d.df. p 

Environmental parameters 

Model 1 19.983 2.411±0.449 9 441 <0.001* 

  Habitat type 26.145 Multifactorial 4 441 <0.001* 

  Conductivity 8.152 0.743 ± 0.260 1 441 0.005* 

  Aquatic plants surface 0.101 0.044 ± 0.140 1 441 0.751 

  Aquatic plants substrate  12.988 0.545 ± 0.151 1 441 <0.001* 

  Surface area 0.572 0.610 ± 0.359 1 441 0.090 

  Predator abundance  2.886 -0.151 ± 0.199 1 441 0.450 

Model 2  18.063 2.374 ± 0.492 10 440 <0.001* 

  Habitat type 26.207 Multifactorial 4 440 <0.001* 

  Conductivity 8.174 0.748 ± 0.262 1 440 0.004* 

  Aquatic plants surface 0.112 0.047 ± 0.140 1 440 0.738 

  Aquatic plants substrate  12.943 0.549 ± 0.153 1 440 <0.001* 

  Surface area 2.925 0.617 ± 0.360 1 440 0.088 

  Predator abundance  0.607 -0.160 ± 0.205 1 440 0.436 

 Sward 5-20cm 0.033 0.001 ± 0.006 1 440 0.856 

Model 3 17.990 2.340 ± 0.451 10 439 <0.001* 

  Habitat type 26.008 Multifactorial 4 439 <0.001* 

  Conductivity 7.945 0.733 ± 0.260 1 439 0.005* 

  Aquatic plants surface 0.234 0.069 ± 0.143 1 439 0.629 

  Aquatic plants substrate  13.949 0.603 ± 0.162 1 439 <0.001* 

  Surface area 3.134 0.636 ± 0.359 1 439 0.077 

  Predator abundance  0.532 -0.145 ± 0.199 1 439 0.466 

  Bare ground 0.896 0.155 ± 0.163 1 439 0.344 

Model 4 18.025 2.363 ± 0.492 8 442 <0.001* 

  Habitat type 27.236 Multifactorial 4 442 <0.001* 

  Conductivity 4.532 0.614 ± 0.288 1 442 0.034* 

  Aquatic plants surface 0.218 0.073 ± 0.157 1 442 0.641 

  Surface area 1.557 0.485 ± 0.389 1 442 0.213 

  Predator abundance  0.005 -0.017 ± 0.232 1 442 0.941 

Model 5 18.114 2.438 ± 0.454 10 440 <0.001* 

  Habitat type 23.927 Multifactorial 4 440 <0.001* 

  Conductivity 8.080 0.737 ± 0.259 1 440 0.005* 

  Aquatic plants surface 0.060 0.035 ± 0.142 1 440 0.806 

  Aquatic plants substrate  13.227 0.550 ± 0.151 1 440 <0.001* 

  Surface area 2.713 0.594 ± 0.361 1 440 0.100 

  Predator abundance  0.600 0.055 ± 0.165 1 440 0.439 

  Oxygen 0.109 -0.055 ± 0.165 1 440 0.742 

Model 6  16.416 2.357 ± 0.459 11 438 <0.001* 

  Habitat type 23.532 Multifactorial 4 438 <0.001* 



  Conductivity 7.881 0.730 ± 0.260 1 438 0.005* 

  Aquatic plants surface 0.183 0.063 ± 0.146 1 438 0.669 

  Aquatic plants substrate  14.045 0.604 ± 0.161 1 438 <0.001* 

  Surface area 2.995 0.626 ± 0.362 1 438 0.084 

  Predator abundance  0.548 -0.147 ± 0.199 1 438 0.460 

 Bare ground 0.833 0.150 ± 0.165 1 438 0.362 

  Oxygen 0.04 -0.033 ± 0.165 1 438 0.842 

Model 7  16.595 2.257 ± 0.506 11 438 <0.001* 

  Habitat type 26.455 Multifactorial 4 438 <0.001* 

  Conductivity 8.127 0.742 ± 0.260 1 438 0.005* 

  Aquatic plants surface 0.277 0.075 ± 0.143 1 438 0.599 

  Aquatic plants substrate  14.088 0.615 ± 0.164 1 438 <0.001* 

  Surface area 3.270 0.652 ± 0.361 1 438 0.710 

  Predator abundance  0.636 -0.162 ± 0.204 1 438 0.426 

  Bare ground 0.997 0.165 ± 0.165 1 438 0.318 

  Sward 5-20cm 0.120 0.002 ± 0.006 1 438 0.730 

Model 8 16.056 2.427 ± 0.534 9 441 <0.001* 

  Habitat type 26.559 Multifactorial 4 441 <0.001* 

  Conductivity 4.392 0.604 ± 0.288 1 441 0.037* 

  Aquatic plants surface 0.186 0.068 ± 0.158 1 441 0.666 

  Surface area 1.46 0.470 ± 0.389 1 441 0.228 

  Predator abundance  0.14 -0.027 ± 0.234 1 441 0.907 

  Sward 5-20cm 0.099 0.002 ± 0.006 1 441 0.754 
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